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IMPLICATIONS ANDPurpose:Many chemical carcinogens are in food, water, air, household products, and personal care
products. Although genetic susceptibility is an important factor in how an individual responds to
exposure to a carcinogen, heritable genetic factors alone account for only a minor portion of cancer
rates.
Methods: We review the evidence that early life exposure to carcinogenic chemicals and ionizing
radiation results in elevations in cancer later in life.
Results: Because cells are rapidly dividing and organ systems are developing during childhood and
adolescence, exposure to carcinogens during these early life stages is a major risk factor for cancer
later in life. Because young people have many expected years of life, the clinical manifestations of
cancers caused by carcinogens have more time in which to develop during characteristically long
latency periods. Many chemical carcinogens persist in the body for decades and increase risk for all
types of cancers. Carcinogens may act via mutagenic, nonmutagenic, or epigenetic mechanisms
and may also result from disruption of endocrine systems. The problem is magniﬁed by the fact
that many chemical carcinogens have become an integral part of our food and water supply and are
in air and the general environment.
Conclusions: The early life onset of a lifelong exposure to mixtures of multiple environmental
chemical carcinogens and radiation contributes signiﬁcantly to the etiology of cancer in later life.
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Most cancers are not
solely a result of genetic
factors. Exposure to radi-
ation and cancer-causing
chemicals in food, water,
air, and consumer prod-
ucts early in life can lead
to cancer later in life.
Prevention of early life
exposure to carcinogens is
essential.Cancer is the second leading cause of death in developed
countries and is primarily a disease of older age. Although
genetic susceptibility to cancer is important in individual
responses to exposure to carcinogens, twin studies clearly show
that only a small minority of cancers are due solely to heritablegenetic factors [1]. If most cancer is not from heritable genetic
factors, it must be from environmental exposures. As stated in
the recent report of the President’s Cancer Panel, “It is more
effective to prevent disease than to treat it, but cancer prevention
efforts have focused narrowly on smoking, other lifestyle
behaviors and chemopreventive interventions. Scientiﬁc ev-
idence of individual and multiple environmental exposure
effects on disease initiation and outcomes, and consequent
health system and societal costs, are not being adequately inte-
grated into national policy decisions and strategies for disease
prevention” [2].
Most cancers appear in older adults, but inevitable exposures
to radiation and chemicals, and lifestyles that expose people to
carcinogens, begin early in life. The latency period between
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long, often decades. As a consequence, exposures during gesta-
tion, childhood, and adolescence have been demonstrated to lead
to cancer later in life [3,4]. Patterns of exposure to environmental
chemical mixtures through diet and use of tobacco, alcohol, and
personal care products are usually established during early life
and are sources of exposure for the rest of life. Clearly the risk of
development of cancer later in life depends on the inherent car-
cinogenicity of the chemical or radiation as well as the exposure
magnitude and duration and to individual genetic susceptibility.
A variety of factors make exposure during early life important
[5]. Age is one of the most important. The most vulnerable ages
are the fetal and perinatal periods and the ﬁrst years of life.
Exposure to carcinogenic chemicals during fetal development
poses a particularly signiﬁcant risk because organ systems are
developing [4]. During this phase, cells are replicating rapidly
and if DNA damage occurs, permanent defects may result and
lead to cancer later in life [6]. The fetus is completely dependent
on the intrauterine environment, which is inﬂuenced by
maternal health, diet, and chemical and radiation exposures.
Many chemicals cross the placenta. Studies conducted between
2005 and 2011 reported the presence of at least 100 to more than
200 chemicals in the umbilical cord blood of 20 newborns [7,8].
Of these chemicals, 101 were present in every umbilical cord
blood sample in the 2005 study. Known or suspected carcinogens
have been found not only in human cord blood [9], but also in
amniotic ﬂuid [10], breast milk [11], and meconium [12].
Exposures during this sensitive time carry carcinogenic
potential for tumors that present clinically later in life. Epigenetic
changes also result from exposures during this period. Some
chemical carcinogens are persistent in the environment because
they do not degrade rapidly. In the human body, they are not
easily metabolized or excreted. Consequently they accumulate
and may have half-lives of a decade or more. Highly chlorinated
chemicals are lipophilic and poorly metabolized [13], whereas
elements like lead are deposited in bones and teeth where they
remain for long periods [14]. These reservoirs may, however, be
mobilized under circumstances such as pregnancy and lactation.
The combined effects of accumulating carcinogens, exposure to
radiation, and epigenetic changes increase the child’s risk for
cancer as an adult. Additional factors that contribute to increased
susceptibility throughout early life and childhood include small
size and lack of developmental maturity. Compared with adults,
children [4,15]:
 Have a higher respiratory rate, and consume more food and
water per pound of body weight, exposing them to relatively
greater quantities of pollutants from air, food, and water.
 Have less well-developed enzymatic systems for detoxifying
contaminants.
 Have immune systems that are not fully developed.
 Are not as well able to recognize danger and escape
independently.
 Are closer to the ﬂoor and are therefore closer to dust and
spills.
 Have a greater likelihood of oral exposures because of hand-to-
mouth behavior.
Puberty and adolescence are also periods of increased risk
from exposure to chemicals. Although adolescents have greater
independence than children regarding choice of activities, foods,
and beverages, they still lack full neurological maturity thatlimits their capacity for good judgment and may actually
increase exposure to toxic substances such as tobacco,
substances of abuse, and chemicals in some personal care
products [16]. This may expose them to greater risks. During
adolescence, the endocrine, reproductive, neurological, and
other systems undergo remarkable development and growth.
The developing tissues and functions of these organ systems are
particularly sensitive to the effects of carcinogenic and
endocrine-disrupting chemicals [17,18]. Endocrine disruptors
interfere with the maintenance of normal hormone homeostasis
by acting either as hormone agonists or antagonists or by altering
metabolic processes [19]. These effects may predispose an indi-
vidual to the eventual onset of cancer in hormone-sensitive
organ systems such as the breast, ovaries, prostate, and testes
[3,20].
Another factor that increases the risk of children and teen-
agers is that they have many more years to live. More years
allows for greater acquisition and bioaccumulation of environ-
mental chemicals, including persistent organic pollutants (POPs).
An example is dioxin, a known human carcinogen, which has
a half-life of about 7 years [21]. Because humans are unable to
detoxify and excrete dioxin-like chemicals efﬁciently, the daily
intake exceeds elimination under most circumstances. Therefore,
levels in humans at background exposures increase with age
[22]. In addition, concentrations of other POPs, including poly-
chlorinated biphenyls (PCBs), chlorinated pesticides, and
brominated ﬂame retardants also accumulate in the adipose
tissue. These additional toxins can potentiate the effect of earlier
exposures, contributing to the onset of malignant disease many
years, even decades, after the initial exposure. Therefore expo-
sures that occur during any or all of the developmental phases of
early life through adolescence may contribute to an elevated risk
for cancer in later life.
Routes of Exposure
Carcinogens can be taken into the body by ingestion, inhala-
tion, or dermal contact. Carcinogenic chemicals can be ingested
through contaminated food, water, and even breast milk [23].
Ingestion is the most common pathway for exposure to POPs and
heavy metals. Polycyclic aromatic hydrocarbons (PAHs), known
to be carcinogenic, are in charred foods. Smoked and preserved
meats contain nitrosamines, which are known to be carcino-
genic. Although many carcinogens are synthetic, others are
natural substances ormetals. Arsenic, for example, tops the list of
chemicals that concern the Agency for Toxic Substances and
Disease Registry [24]. The major route of exposure to arsenic is
drinking water. This exposure occurs because arsenic is in
subsurface rock and soil and equilibrates with ground water.
Dietary exposure to carcinogens depends on the type and
quantity of foods consumed. In young children, hand-to-mouth
behavior may result in signiﬁcant ingestion of soil and dust
containing carcinogenic substances [25]. Children and adoles-
cents characteristically have different preferences for foods
compared with adults [26] with children consuming more dairy
products and adolescents consuming more fast foods [27].
Furthermore, teenagers generally eat greater quantities of food
than adults. These factors often expose young people to greater
intakes of chemical contaminants than is common with adults.
Inhalation is a major route of exposure to carcinogens in the
air, including PAHs found in particulate air pollutants and
tobacco smoke. Tobacco smoke also contains many other known
Figure 1. Approximately 100,000 individual chemicals have been registered for
commercial use in the United States over the past 30 years. Chemical classes that
receive the majority of public attention (e.g., pharmaceuticals, cosmetics and
food additives, pesticides) constitute only a small percentage of this inventory.
Analytical methodologies are currently limited to several hundred of these
nonregulated chemicals. Revised from [58].
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pyrene, and several tobacco-speciﬁc nitrosamines. Another
example of inhalational exposure occurs with asbestos, leading
tomesothelioma and other forms of lung cancer [28], diseases for
which the latency between exposure and disease is several
decades. Even nonpersistent chemicals, such as volatile organics
and semivolatile POPs, can be inhaled and increase risk for
a variety of cancers [29].
Transdermal exposures are also an important pathway to
cancer because skin is the largest organ in the body. Historically,
frequent and prolonged exposure to coal tars among young boys
who worked as chimney sweeps in Great Britain led to later
scrotal cancers in their 20s and 40s, a latency period of 15 to
35 years [30]. This was ﬁrst observed in 1775 by Sir Percival Pott,
and later by other British physicians. Today’s youth are more
likely to have transdermal exposures to endocrine-disrupting
chemicals and potential carcinogens because of the widespread
use of topical personal care products [31e33]. Additionally, many
bioactive compounds derived from household and personal care
products as well as from pharmaceutical agents are excreted in
the urine of humans and animals that then contaminate surface
and ground water, and ultimately drinking water. Thus, humans
can become reexposed to these toxins via ingestion [34].
The route of exposure to a carcinogen is important because it
often predicts which organ systemwill develop neoplasia in later
years. For example, tobacco smoke is usually inhaled, so cancer
develops in either the upper or lower respiratory system.
However, smokers often swallow some smoke, and are thus also
susceptible to increased risk for cancers of the oral cavity,
esophagus, and other segments of the gastrointestinal tract.
Eating charbroiled meats may result in colorectal cancers many
years later, because of exposure of the colonic mucosa to PAHs
during the digestive process. Benzo[a]pyrene is classiﬁed by the
International Agency for Research on Cancer (IARC) as a Group 1
carcinogen, and is one of the components contained in the
charred meats that has been implicated in colorectal neoplasms.
Risk of Exposure to Carcinogens Early in Life
Studies of human populations exposed to ionizing radiation
provide the strongest evidence that exposure to a carcinogen
early in life poses a greater risk than exposure during adulthood.
Much of what we know about ionizing radiation and cancer
comes from studies of atomic bomb survivors [35]. Those chil-
dren who were younger than age 5 at the time of the blasts had
more than twice the relative risk of developing cancer later in life
compared with older children who were between the ages of 5
and 15 at the time of the explosion [36]. The latency period for
cancer development was short in some cases, but the peoplewho
survived the nuclear explosions in Hiroshima and Nagasaki in
1945 are still at elevated risk today. Exposure to the radiation
increased risk for all types of cancers [35]. Relative risk for
development of breast cancer after the atomic bombs was much
higher for girls who were prepubertal at the time of the blasts
than for women who were older than 40 [37], and the degree of
susceptibility for other solid tumors also varied with age, being
highest early in life [38].
There is other evidence that early life exposure to radiation
elevates risk for cancer later in life. Prepubertal children exposed
to ionizing radiation from atomic bomb tests in the Marshall
Islands from 1946 to 1958 developed thyroid cancer 15 to 29
years after exposure, but exposed adults had little or noincreased risk [39,40]. Similarly, after the accident at the Cher-
nobyl nuclear reactor in 1986, an increased risk for thyroid
cancer was found among individuals who were younger than 18
at the time of exposure, and their risk remained elevated for
more than 2 decades. The risk for thyroid cancer did not increase
among adults [41]. Sadetzki et al [42] found that thyroid cancer
after childhood exposure to ionizing radiation for tinea capitis
was positively associated with dose and negatively associated
with age at exposure. Risk was elevated 10 to 19 years after
exposure, peaking at 20 to 30 years afterward, and decreasing 40
years afterward. Somewhat similar results were found for risk for
skin cancer after sunburn: exposure when 8 to 12 years of age
produced the strongest increase in risk [43]. In today’s world,
children are often exposed to other sources of radiation,
including background radiation, radiation from medical treat-
ments, radon, and ultraviolet radiation from the sun. Of partic-
ularly concern are children living in areas with high levels of
radon [44] and exposed to frequent computed tomography
scans [45].
Diethylstilbestrol (DES) is another example of a chemical that
places those exposed during gestation at higher risk than the risk
for those exposed later in life. DES is a synthetic and potent
estrogen that was widely given to pregnant women from the
1940s to 1971, with the false assumption that it would reduce
Table 1
Cancers caused by 10 selected known carcinogens, and nonoccupational routes of exposure affecting children and adolescents
Chemical carcinogen Route of exposure Source Tissue site and/or type of cancer
Acetaldehydea
IARC: Group 1 carcinogen
USDHHS: Known to be carcinogens
Oral ingestion Alcohol consumption Mouth, pharynx, larynx
Esophagus
Breast
Liver
Colorectum
Asbestosa
IARC: Group 1 carcinogen
USDHHS: Known to be carcinogens
Inhalation
Oral ingestion
Indoor and outdoor air
Particles from insulation
Rooﬁng
Flooring
Plastics
Textiles
Cement pipe
Automobile brakes and clutches
Mesothelioma
Pleural
Peritoneal
Other lung cancers
Arsenic
IARC: Group 1 carcinogen
USDHHS: Known to be carcinogens
Oral ingestion
Inhalation
Drinking water contaminated by:
 Natural mineral deposits
 Arsenical pesticides
Food consumption
 Fish, seafood
 Rice
 Poultry
Air pollution from:
 Pesticide manufacturing
 Glass manufacturing
 Smelting
 Combustion fossil fuels
 ETS
Kidney
Bladder
Skin
Lung
Gastrointestinal
Lymphatic and hematopoietic
Lung
Benzene
IARC: Group 1 carcinogen
USDHHS: Known to be carcinogens
Inhalation Air pollution from:
 ETS
 Fuel evaporation at gasolineﬁlling
stations
 Industrial sources
Hematopoietic (acute
myelogenous leukemia)
Diethylstilbestrol
IARC: Group 1 carcinogen
USDHHS: Known to be carcinogens
Transplacental; following
prescribed medical treatment
of pregnant mother:
Maternal administration:
 Oral ingestion (tablets)
 Systemic (intramuscular,
intravenous injection)
 Mucocutaneous (vaginal
suppositories)
Female reproductive system Vaginal and cervical clear cell
adenocarcinoma at ages
14e49
Breast cancer 40 years after
in utero exposure
Dioxins, furans, and polychlorinated biphenyls
IARC: Group 1 carcinogens:
 2,3,7,8-tetrachlorodibenzop dioxin
 2,3,4,7,8-pentachloro biphenyl dibenzofuran
 3,4,5.30 ,40-pentachloro biphenyl.(PCB-126)
USDHHS: Reasonably anticipated to be carcinogens
Oral ingestion Ubiquitous throughout
environment
All food groups; especially:
 Meat
 Poultry
 Fish
Inadvertent byproducts of
industrial processes
 Incineration, toxic wastes
(medical and municipal)
 Combustion, fossil fuels
 Paper and pulp bleaching
 Metal production
Increase in all cancers combined
Lung
Non-Hodgkin’s lymphoma
1,3 - Butadiene
IARC: Group 1 carcinogen
USDHHS: Known to be carcinogens
Inhalation  Gasoline
 Automobile exhaust
 ETS
 Cooking oils (canola)
 Incineration, from industrial,
domestic sources
Forest ﬁres
Lymphatic and hematopoietic
systems:
 Leukemia
 Lymphosarcoma
 Reticulosarcoma
Polycyclic aromatic hydrocarbons
 Group of 15 chemicals in variable mixtures
IARC: Group 1 for: benzo[a]pyrene
IARC: Group 2A, 2B, or 3 for other 14 chemicals
USDHHS: Reasonably anticipated to be carcinogens
Dermal contact
Inhalation
Ingestion
Ubiquitous in environment
Coal tars
 Medical treatment for psoriasis,
dandruff
Air pollution from:
 Motor vehicle exhaust
 ETS
 Incomplete combustion of fossil
fuels
 Natural sources (forest ﬁres,
volcanoes)
Charbroiled meats
Skin cancer (known to be caused
by each of the 15 chemicals, in
experimental animals)
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Table 1
Continued
Chemical carcinogen Route of exposure Source Tissue site and/or type of cancer
N-nitrosamines
(especially N-nitrosonornicotine, and
4-(N-nitrosomethylamino)-1-
(3-pyridyl)-1-butanone,
IARC: Group 1 carcinogen
USDHHS: Reasonably anticipated to
be carcinogens
Inhalation
Oral ingestion
Tobacco smoke, (mainstream,
sidestream)
Smokeless tobacco
Lung
Pharynx
Larynx
Upper respiratory tract
Mouth
Pharynx
Gastrointestinal
Vinyl chloride
IARC: Group 1 carcinogen
USDHHS: Known to be carcinogens
Inhalation
Oral ingestion (potential)
Air pollution
ETS
Drinking water
Foods
Emissions from plastics industry
Hepatic angiosarcoma (strong
evidence)
Hepatocellular carcinoma
Brain
Lung
Lymphatic and hematopoietic
systems
ETS ¼ environmental tobacco smoke; IARC ¼ International Agency for Research on Cancer; USDHHS ¼ U.S. Department of Health and Human Services.
a Carcinogenic effect potentiated by coexposure to tobacco smoke. Derived from [60].
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who took DES show a variety of adverse developmental and
health effects. Women exposed in utero to DES were at elevated
risk for clear cell adenocarcinoma of the vagina and uterus when
they reached late adolescence and suffered another peak in risk
for cancer (this time, breast cancer) after age 40 [46]. There are
many other chemicals that have estrogenic or other hormonal
disruptive activity [3]. Endocrine-disrupting chemicals have the
potential to alter many hormonal systems, and new results
indicate that many effects occur at low doses and show non-
monotonic dose-response curves [47], which complicates risk
assessment. Many carcinogenic exposures are associated with
epigenetic changes as well [48,49], which may contribute to
cancer in future generations.
Studies of human exposure to chemical carcinogens during
early life are few. However, animal studies, reviewed by Ginsberg
[6], show that acute exposure of juvenile animals to eight
different carcinogens resulted in at least a twofold greater
sensitivity than a similar acute exposure to adult animals. This
ﬁnding applied to cancers of the liver, lung, kidney, breast, blood,
and nervous system. Some chemicals, notably benzo[a]pyrene,
showed a ninefold greater risk for liver cancer when adminis-
tered to neonatal animals than when administered to adult
animals. Barton et al [50] reviewed animal studies on mutagenic
carcinogens and found a 10-fold greater vulnerability resulting
from perinatal exposure than from adult exposure.
The U.S. Environmental Protection Agency (USEPA) recog-
nizes the unique vulnerability of children to carcinogens and has
incorporated a 10-fold risk adjustment factor for exposure to
known carcinogens of children younger than 2 years, a threefold
adjustment factor for children and adolescents ages 2e15, and no
adjustment for anyone older than 15 years [51,52]. These
adjustment factors are to acknowledge the greater vulnerability
of younger children. Another important variable is the mecha-
nism of action of various carcinogens. USEPA considers that
carcinogenic chemicals have a linear dose-response relationship,
which is to say that for a mutagenic carcinogen there is an
increased risk at any concentration [53]. Thus for mutagenic
chemicals and ionizing radiation there is no level of exposure
that is “safe.” There is debate as to whether the same principle
applies to nonmutagenic carcinogens, and efforts to developa framework for understanding cancer by mode of action are
under way [54e56].Chemical Carcinogens
More than a century of technologic advances in industrial,
agricultural, and commercial products and pharmaceuticals
resulted in the widespread use and dispersion of chemicals.
Although chemicals have improved quality of life, few have been
adequately tested to determinewhether they pose health risks to
humans. More than 80,000 industrial chemicals are registered
with theUSEPA for commercial use in the United States, and there
are additional chemicals in cosmetics and personal care products
as well as food additives, pharmaceuticals, and pesticides
(Figure 1). Home furnishings used to be made of wood, glass,
wool, linen, or cotton, whereas todaymany are made of synthetic
fabrics, plastics, and other products derived from petroleum.
Many of these synthetic materials are further treated with other
chemicals such as brominatedﬂame retardants,ﬂuorinatedwater
repellants, and agents that modify plastic (such as phthalates and
bisphenol A, both of which have estrogenic activity [57]). The
USEPA has required extensive testing of fewer than 200 chem-
icals, leaving manufacturers to determine any possible risk of the
rest. No toxicity data are available for many chemicals; however,
further study of these chemicals will likely reveal many that are
persistent, bioaccumulative, and/or toxic [58,59].
The IARC [18] lists 107 agents, most of them chemicals, as
known human carcinogens (Group 1), 59 agents as probable
human carcinogens (Group 2A), and 267 agents as possible
human carcinogens (Group 2B). In most cases, Groups 2A and 2B
are shown to be carcinogenic in animals, but we have no deﬁn-
itive evidence as to whether they are also carcinogenic in
humans. However, chemicals that cause cancer in animals are
likely to also cause cancer in humans. The U.S. Department of
Health and Human Services, in the 12th Report on Carcinogens
[60], lists 54 agents as known human carcinogens, and 186 as
“reasonably anticipated to be human carcinogens.” Although the
186 chemicals listed are not identical to those in the IARC listing,
clearly many are substances that are known or likely to cause
human cancer. Many of these chemicals are widely distributed
Table 2
Dioxin equivalents of common foods consumed by children and adolescents in
America, in picograms
Food category Food item description Mean TEQ
(parts per trillion)
nondetects ¼ .05 LOD
Dairy Milk, whole .0110
Cheese, cheddar .02534
Cheese, swiss .0833
Ice cream, vanilla .0401
Fats and oils Butter .02202
Olive oil .0641
Meats Beef, chuck roast .04595
Frankfurter, beef .01983
Hamburger, fast food .0678
Cheeseburger, fast food .0739
Pork bacon .02116
Pork sausage .01962
Bologna, luncheon meat .01558
Poultry Fried chicken, fast food .0550
Turkey breast, roasted .0538
Fish Fish sticks .0335
Tuna, canned in oil .0838
Cereals and bread Oat rings .0224
Corn ﬂakes .0106
Crisped Rice .0157
Oatmeal, quick cooked .0063
Bread, white .0071
Prepared foods Lasagna with meat .0408
Macaroni and cheese, box .0242
Pizza, pepperoni, carryout .0205
Taco or tostada, carryout .0619
Peanut butter .0068
Snacks Brownies .0151
Cake, yellow, white icing .0379
Chocolate chip cookies .0206
Popcorn, popped in oil .0411
Candy bar, milk chocolate .0222
Potato chips .0263
Vegetables and fruit Bell pepper, green, raw .0039
Broccoli, boiled .0035
Carrots, fresh, boiled .0035
Lettuce, iceberg, raw .0043
Peas, green, boiled .0020
Potatoes, French fries,
frozen, heated
.0614
Apple, red, raw .0065
Applesauce, bottled .0055
Orange, raw .0073
Watermelon, raw .0046
Condiments Mayonnaise .0136
Mustard, yellow .0079
Tomato catsup .0035
LOD ¼ limit of detection; TEQ ¼ toxic equivalents. Source: Food items shown are
derived from [61].
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air by large segments of the population on a regular basis [61].
Human Carcinogens to Which Young People Are Exposed
Table 1 lists 10 common carcinogens as examples of chemicals
to which children and adolescents are exposed daily. These are
by no means the only carcinogens of concern, but they illustrate
the ubiquity of exposure. Exposure through food is a particularly
important route, especially for lipophilic chemicals found in
animal fats. The most dangerous of these are bioaccumulative
and persistent (e.g., dioxins, furans, PCBs, chlorinated pesticides).
These are known or probable human carcinogens and are found
in essentially all animal fats. PAHs are also ubiquitous in food, air,
and water resulting in exposures through inhalation and inges-
tion. Many carcinogens are ingested through drinking water and
others are inhaled. Indoor air is a major source of carcinogenic
volatile organics.
Dioxins and furans are products of combustion [62] and
backyard burning of garden and domestic waste [63], and were
also inadvertent byproducts of some industrial processes, such as
the production of Agent Orange, used as a herbicide in Vietnam
[64]. The major source in the United States used to be municipal
and medical incinerators, because dioxins are formed when
plastics or other chlorine-containing substances are burned.
Thanks to the Clean Air Act of 1970, and its amended forms in
1977 and 1990, continued dioxin emissions into the air have been
greatly reduced, but dioxins formed earlier are still in the envi-
ronment and in our food. Currently in the United States, the
largest source of dioxin formation is backyard barrel burning,
followed by medical waste incineration [65]. PCBs are industrial
chemicals whose manufacture was discontinued in 1977 because
they are persistent both in the environment [66] and the human
body [67,68] because the chlorines make the molecule very
stable. Both dioxins and furans (with 75 congeners each) and
PCBs (with 209 congeners) are chemicals with variable numbers
of chlorine atoms around benzene carbon rings. One dioxin, one
furan, and one PCB congener are rated by IARC as known human
carcinogens, and the remaining dioxins, furans, and PCBs are
rated as probable human carcinogens. All are lipophilic, stored in
human body fat, and widely distributed in almost all animal fats.
In 2003, the Institute of Medicine released a report entitled
Dioxin and Dioxin-Like Compounds in the Food Supply: Strategies to
Decrease Exposure [61]. This report documented the widespread
distribution of these chemicals, even though dioxin release
and PCB manufacture had been restricted for 30 years. This
document reported results as of 2001 from an ongoing study
called “The Total Diet Study: Dioxin/Furan Survey” conducted by
the Food and Drug Administration (FDA). The survey was
a random sampling of supermarket foods that weremeasured for
dioxin-like activity [61]. All dioxins, furans, and a subset of PCBs
act through a common cytoplasmic receptor, called the aryl
hydrocarbon receptor [69]. Their commonmode of action led the
World Health Organization to develop the concept of toxic
equivalents (TEQ) [70]. This measures overall dioxin-like activity
for all of these substances, comparing them against the most
potent one, 2,3,7,8-tetrachlorodibenzo-p-dioxin. Table 2 shows
the TEQs reported for various foods that are commonly
consumed by children and adolescents and shows that children
and adolescents are exposed to potent carcinogens every day
through foods consumed, because these chemicals are present in
essentially all animal fats [61]. Table 3 shows the FDA’sassumptions of high and low total daily TEQ intake by people of
various ages. Because of their presence in most animal fats die-
tary intake is the dominant source of exposure to dioxin-like
compounds for most people and especially for children.
Use of DDT was banned in the United States in 1972. However
DDT, and especially its major metabolite, DDE, can be measured
in the blood of essentially everyone. But DDT is only one of a
number of chlorinated pesticides that were widely used and
are persistent. In 2001 the United Nations convened the Stock-
holm Convention (http://www.pops.int/documents/convtext/
convtext_en.pdf), which examined the known data concerning
health risks of a dozen POPs, ultimately reaching a worldwide
agreement to discontinue manufacture and use of the “dirty
Table 3
Estimated daily intake of dioxin-like compounds from food by consumers of high versus low combined amounts of meat, poultry, and ﬁsh
Population Total food intake/day gm/kg
(body weight) per day
Consumption of
meat, poultry, ﬁsh
n Dioxin toxic equivalent
intake pg/kg body weight
nondetects ¼ .5 (LOD)
Males and females ages 1e5 years (not breastfeeding) 90.5 High 5,306 1.76
Low 1,035 1.26
Males and females ages 6e11 years 53.4 High 1,735 1.14
Low 166 .077
Males only ages 12e19 years 38.6 High 675 .089
Low 18 .047
Females only ages 12e19 years 30.6 High 615 .069
Low 71 .041
Males only ages 20 þ 32.3 High 4,608 .069
Low 110 .040
Females only ages 20 þ (not pregnant or lactating) 29.3 High 4,128 .059
Low 281 .038
LOD ¼ limit of detection.
A .05 LOD means half of the lowest concentration at which a chemical can be detected above “background noise.”
Low combined meat, poultry, and ﬁsh  1 oz (29 g)/2 days. Modiﬁed from [61]; Appendix B, Tables B-3 to B-11, pp. 290e307.
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chlorinated pesticides (DDT [except in countries with endemic
malaria], aldrin, endrin, dieldrin, chlordane, heptachlor, hexa-
chlorobenzene, mirex, and toxaphene) were banned because of
their persistence and evidence that they are carcinogenic in
animals and probably humans. They are found in dairy products,
eggs, meat, and ﬁsh, and dietary intake is believed to contribute
up to 90% of exposure, with intake in children higher than in
adults on a bodyweight basis [61]. The Fourth National Report on
Human Exposure to Environmental Chemicals [71] demonstrates
that these chemicals are present at measureable concentrations
in signiﬁcant proportions of the U.S. population.
Although it is impossible to totally avoid exposure to carcin-
ogens, there are some reasonable steps that can be taken. This is
particularly important during pregnancy. Choosing foods that
have lower concentrations of carcinogens is one obvious step.
Choices in use of personal care products, avoiding excessive
exposure to radiation and tobacco products are others.Figure 2. Consumption advisories (in meals per month) based on US Environmental P
dieldrin, total chlordane, heptachlor epoxide, lindane, hexachlorobenzene, toxaphene
salmon (grey), and retail market salmon (white). The country in which the salmon wa
parentheses are the numbers of samples analyzed. Used with permission from [73].The Importance of Chemical Mixtures
Although most animal and cellular research is directed at
single carcinogens, we are all exposed to mixtures of chemicals.
All animal fats contain a mixture of lipophilic carcinogens, plus
many other fat-soluble chemicals that may not be as persistent
but may nevertheless have adverse health effects. Studies
in salmon show the problem. Hites et al [72] reported on
concentrations of 14 POPs (12 chlorinated pesticides, PCBs, and
dioxins) in wild Paciﬁc and farmed Atlantic salmon obtained
from around the world. All the salmon contained measureable
concentrations of all 14 chemicals, but on average the concen-
trations in farmed salmon were 10 times higher than in wild
salmon as a consequence of the food the farmed salmon were
fed, which was concentrated ﬁsh oil and meal. Evenwild salmon
from the Northern Paciﬁc Ocean had some contaminants,
reﬂecting the presence of chemical pollutants in the open ocean.
Moreover, farmed ﬁsh with elevated concentrations of one ofrotection Agency cumulative carcinogenic risk assessment methods for total DDT,
, polychlorinated biphenyls, and dioxins/furans for farmed salmon (black), wild
s produced or the city from which it was purchased is indicated. The numbers in
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others [73]. As a consequence, a person who eats a meal of
salmon is consuming a chemical mixture of known and probable
human carcinogens. So, although ﬁsh is assumed to be a healthy
food, in fact some ﬁsh contain levels of carcinogens that signiﬁ-
cantly increase risk of cancer.
The USEPA has the responsibility for providing advisories for
consumers of sport ﬁsh. The agency developed formulae on
which to base their advice about how frequently humans may
safely consume ﬁsh. They apply cancer slope factors (CSFs) for
those compounds for which CSFs are available and equations that
calculate frequency of ﬁsh consumption to prevent a greater than
1 in 100,000 increase in cancer risk [74]. Of the 14 POPs
measured in the salmon, CSFs are available for eight. The advi-
sory, in maximum allowable kilograms of ﬁsh consumption per
day, is based on acceptable risk levels (more than a 1 in 100,000
increased risk of cancer), body weight of the consumer,
concentration of the contaminants in the ﬁsh, and the CSFs.
Figure 2 shows how these USEPA guidelines are applied to
salmon from various sources. According to these guidelines, one
cannot eat European salmon more than once in 5 months
without an unacceptable risk for cancer! Even the relatively
cleanwild salmon contain concentrations of these chemicals that
trigger some advisories for restriction of consumption.
Contaminants in food in the United States are regulated by the
FDA, but its regulations are much less stringent than the advi-
sories of USEPA. The FDA regulations are based on the
consumption of single carcinogens (not mixtures) and are based
in part on economic impact to the industry, not solely on their
effects on human health [72]. Thus they are not necessarily
protective of human health.
Most cancers are a consequence of exposure to environmental
carcinogens, many of which are chemicals that get into the
human body by food, water, air, or absorption through the skin.
Genetics is important in determining individual susceptibility to
cancer, but few cancers are due solely to heritable genetic factors.
We must ﬁnd ways to reduce human exposure to carcinogenic
chemicals and ionizing radiation. Especially important is ﬁnding
ways to reduce exposure during gestation, childhood, and
adolescence because exposure during these critical periods of
development leads to cancers later in life.Acknowledgments
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